Neuronal dystrophy is a pathological hallmark of Alzheimer's disease (AD) that is not observed in other neurodegenerative
Introduction
Alzheimer's disease (AD) neuropathology is characterized by the presence of neurofibrillar tangles (NFTs) and amyloid plaques in the brains of affected individuals. NFTs are intraneuronal bundles of paired helical filaments composed of hyperphosphorylated tau. Amyloid plaques are extracellular lesions composed primarily of a core of fibrillar amyloid ␤ (A␤) surrounded by reactive astrocytes, microglial cells, and dystrophic neurites (Selkoe, 2001) . Previous work indicates that A␤ fibrils and protofibrils are neurotoxic (Yankner, 1996; Lashuel et al., 2002) . A␤ fibrils induce neuronal dystrophy (Busciglio et al., 1992; Pike et al., 1992 , Grace et al., 2002 , tau hyperphosphorylation , and neuronal death in vitro (Yankner et al., 1990; Pike et al., 1991; Mattson et al., 1992) and in vivo (Geula et al., 1998) . In this regard, neuronal dystrophy is specifically associated with AD and is not present in other neurodegenerative conditions that lack amyloid plaques (Benzing et al., 1993) . In AD, the number of dystrophic neurites correlates with the degree of dementia (McKee et al., 1991) , suggesting a close association between the development of neuronal dystrophy and the cognitive decline in AD patients. A pathological relationship between neuronal dystrophy and cognitive impairment is further suggested by studies of transgenic mice expressing the "Swedish" mutation of APP. These animals develop abundant amyloid deposits and neuronal dystrophy without significant cell death and exhibit behavioral deficits consistent with memory loss (Irizarry et al., 1997) . In the AD brain, synaptic loss is observed in areas of aberrant neuronal sprouting (Geddes et al., 1986; Masliah et al., 1991) , and in cortical cultures exposed to fibrillar A␤, neuronal dystrophy is associated with synaptic loss (Grace et al., 2002) . Thus, a pathological relationship among A␤ deposition, neuronal dystrophy, and synaptic loss may lead to cognitive impairment in AD.
The molecular mechanism by which neuronal dystrophy occurs is unclear. Neuronal dystrophy and cell death induced by fibrillar A␤ take place over different time courses and at different A␤ concentrations, raising the possibility that both events are mediated by separate molecular mechanisms (Grace et al., 2002) . Extracellular signals producing alterations in the cytoskeleton are often transduced through adhesion proteins (Mueller et al., 1989) . In this regard, fibrillar A␤ could promote dystrophy by aberrantly activating signal transduction cascades leading to cytoskeletal changes (Saitoh et al., 1993) . A␤ binds to integrins (Kowalska and Badellino, 1994; Sabo et al., 1995; Goodwin et al., 1997) and activates the focal adhesion (FA) proteins paxillin and focal adhesion kinase (FAK), which are downstream of integrin receptors, suggesting that FA signaling cascades might be involved in A␤-induced neuronal dystrophy, cell death, or both (Zhang et al., 1994 (Zhang et al., , 1996 Berg et al., 1997; Williamson et al., 2002) . To address the role of FA signaling in A␤-induced neuronal dystrophy, we analyzed the expression and activity of FA proteins in the AD brain and in cultured neurons exposed to fibrillar A␤. Our results indicate that the aberrant activation of FA proteins by A␤ may play a critical role in the development of neuronal dystrophy and AD neuropathology.
Materials and Methods
Neuronal cultures. Rat cortical cultures were established from embryonic day 17 fetuses as described previously (Busciglio et al., 1993) . The cells were plated on laminin-coated (10 g/ml) or poly-L-lysine-coated (250 g/ml) dishes or glass coverslips at a density of 10,000 cells/cm 2 in DMEM plus 10% calf serum for 2 hr. After cell attachment, the media were replaced with DMEM plus a 1:1 mixture of N2 and B27 supplements (Invitrogen, Grand Island, NY) .
A␤ treatments. Peptide treatments were performed as described previously (Pigino et al., 2001; Grace et al., 2002) . Synthetic A␤ peptides 1-40 and 25-35 (Bachem, King of Prussia, PA) were dissolved in doubledistilled H 2 O to a concentration of 2 mM. The peptide stock solutions were incubated at 37°C for 3 d to allow fibril formation. These preparations are composed primarily of fibrillar A␤, as shown by electron microscopy and Congo red birefringence (Lorenzo and Yankner, 1994) . Peptide treatments were initiated at day 5 in culture. Fibrillar A␤ peptides were added directly to the media for a final concentration of 20 M. Nonfibrillar A␤ peptides were added to the medium without preincubation.
Western blot and immunoprecipitation. Cultures were harvested in radioimmunoprecipitation assay (RIPA) buffer (1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS in PBS) plus protease inhibitors (Complete, Roche Molecular Biochemicals, Indianapolis, IN) and phosphatase inhibitors (Busciglio et al., 1993) at 4°C. The cell homogenates were centrifuged at 100,000 ϫ g for 30 min. The supernatant was collected, and the protein content was determined using a commercial kit (Bio-Rad, Hercules, CA). Cytoskeletal proteins were obtained in a similar manner; however, before harvesting with RIPA buffer, the cells were placed in microtubule-stabilizing buffer (MSB; 0.13 M HEPES pH 6.9, 2 mM MgCl 2 , and 10 mM EGTA) at 37°C for 1 min, and then the cells were incubated with 0.2% Triton X-100 in MSB for 2 min at 37°C. The protein homogenates were separated on standard 10% polyacrylamide gels or precast 4 -20% gradient gels and transferred to polyvinylidene difluoride membranes. After blocking with 5% milk or 5% bovine serum albumin in PBS, the membranes were incubated overnight at 4°C with mouse anti-paxillin (1:10,000; BioSource, Camarillo, CA) or mouse antiphospho-Tyr (1:3000, 4G10; Upstate Biotechnology, Waltham, MA). To control for equal protein loading, membranes were incubated with mouse anti-tubulin class III (1:5000; Sigma, St. Louis, MO). Protein bands were visualized by chemiluminescence. Quantitative analysis was performed using a FastScan densitometer (Molecular Dynamics, Sunnyvale, CA) as described previously (Pigino et al., 2001) . Volume analysis was performed on the appropriate bands using NIH Image software. The values were expressed as the percent change in protein levels in treated samples compared with control samples. Proteins were immunoprecipitated as described previously (Pigino et al., 2001) . Briefly, whole-cell homogenates were incubated with primary antibody overnight at 4°C and immunoprecipitated with protein A-Sepharose beads (Amersham Biosciences, Piscataway, NJ) for 4 hr. The beads were washed and resuspended in sample buffer. The specificity of the immunoprecipitation was controlled by replacing the primary antibody with the corresponding nonimmune serum.
Transfection. Green fluorescent protein (GFP)-tagged full-length Nand C-terminal paxillin constructs were provided by Dr. R. Salgia (DanaFaber Cancer Institute, Boston, MA) . Paxillin constructs containing sitespecific Cys-to-Ala mutations at amino acids 467, 470, and 523 and a double mutation at 467 and 470 were provided by Dr. M. L. Tremblay (McGill University, Montreal, Quebec, Canada) . The FAK dominant negative construct FRNK was provided by Dr. L. Languino (Yale University, New Haven, CT). A protein-Tyr phosphatase (PTP)-PEST construct bearing a deletion in the Pro2 domain comprising amino acids 367-400 (PESTdl) was provided by Dr. M. D. Schaller (University of North Carolina, Chapel Hill, NC). A GFP expression vector (Clontech, Palo Alto, CA) was used as a control. Primary cortical neurons were transfected at day 5 using calcium phosphate as described previously (Pigino et al., 2001 ). Neurons were transfected in triplicate wells in 24-well plates. The cultures were processed 24 or 48 hr after transfection.
Immunocytochemistry. Cultured neurons were fixed in 4% paraformaldehyde and 0.12 M sucrose in PBS for 30 min at 37°C, permeabilized with 0.1% Triton X-100 in PBS, and blocked for 30 min in 5% BSA. The cells were then incubated overnight at 4°C with mouse anti-paxillin (1: 100), rabbit anti-␣5␤1-integrin receptor (1:500; provided by Dr. Z. Zhan, The Burnham Institute, San Diego, CA), anti-PTP 4G10 (1:100), PY20 (1:100; Zymed, San Francisco, CA), and anti-PTP-PEST (1:500; provided by Dr. M. D. Shen et al., 2000) , followed by incubation in goat anti-mouse or rabbit secondary antibodies conjugated to Alexa fluoro-green (Molecular Probes, Eugene, OR). Double labeling was performed using phalloidin-Texas Red (Molecular Probes) to visualize microfilaments. Triple labeling was performed by sequential incubation with mouse anti-A␤ (1:500, clone 6F/3D; Dako, Glostrup, Denmark) followed by anti-mouse conjugated with Cascade blue (Molecular Probes).
Immunohistology. Brain tissue samples were obtained from the Harvard Brain Tissue Resource Center (McLean Hospital, Boston, MA). Bielchowski silver staining was performed on AD brain tissue as described previously (Carson, 1990) . Paraffin-embedded tissue sections of AD brains and age-matched controls were processed as described previously (Busciglio et al., 1997) . Briefly, the paraffin was removed, and the tissue was hydrated in H 2 O. Incubation with a boiling citrate solution (1.05 gm of citric acid in 450 ml of distilled H 2 O, pH 6.0) for 6 min was used to enhance epitope exposure. Double labeling was performed by sequential immunostaining. The following primary antibodies were used: anti-␣5␤1-integrin receptor (1:100), rabbit anti-␤1-integrin subunit (1:40; Chemicon, Temecula, CA), PHF-1, which recognizes phosphorylated tau at Ser-396 and Ser-404 (1:500; Greenberg et al., 1992) , mouse anti-A␤ 6E10 (1:500; Senetek, Napa, CA), rabbit anti-paxillin phosphorylated at residue 31 (1:100; Biosource), and rabbit anti-FAK phosphorylated at Tyr-397 (1:100; Biosource). The immunoreaction was visualized with the enzyme-linked fluorescence kit following the vendor's protocol (Molecular Probes). The second primary antibody was visualized by incubation with a secondary antibody conjugated with Cascade blue. The tissue was mounted and analyzed using a fluorescent Olympus Optical (Tokyo, Japan) IX-70 inverted microscope. Fluorescent images were captured with a CCD camera (Spot; Diagnostic Instruments, Sterling Heights, MI) driven by Spot acquisition software.
Viability assay. Neuronal viability was evaluated using a propidium iodide exclusion assay as described previously Grace et al., 2002) . The number of propidium-positive nuclei (nonviable cells) in transfected neurons was expressed as a percentage of the number of nonviable neurons transfected with the GFP expression vector. More than 200 cells were analyzed per experimental condition in each individual experiment.
Morphometric analysis. Neurons were analyzed by fluorescent microscopy at a final magnification of 400ϫ. Individual neurons were scored as nondystrophic or dystrophic according to defined morphological features (Pigino et al., 2001; Grace et al., 2002) . Similar results scoring the number of dystrophic neurons on control and A␤-treated cultures were obtained by three different examiners analyzing independent experiments. Individual neurons were characterized as dystrophic when neurites showed obvious aberrant morphology, such as acute angles and loops, or grew upward. The identity of the cultures was coded to exclude experimental bias. More than 250 cells were scored per experimental condition in each individual experiment. Neuronal dystrophy was expressed as a percentage of the number of dystrophic neurons transfected with GFP. Neuritic caliber was assessed by image analysis in control and dystrophic neurons. To standardize the point of caliber measurement between neurons, neurite caliber was measured in control and fibrillar A␤-treated neurons immediately after the first branch point. This parameter was chosen instead of a fixed distance from the cell body to overcome the difficulty of measuring accurately the length of dystrophic neurites with tortuous morphology. In total, 57 neurons from three different experiments were analyzed. To evaluate the clustering of FA proteins, neurons were labeled with phalloidin, anti-integrin, anti-paxillin, or anti-tubulin antibodies, and the immunofluorescence intensity was measured at FA sites and at adjacent sites periodically localized along the neurite using NIH Image software. FA sites were identified by the increase in microfilament density compared with adjacent areas of similar size in the same neuronal process. In each case, FA sites were scored in at least 10 neurites per culture in triplicate cultures growing on laminin or poly-L-lysine.
Statistics. All experiments were performed in triplicate samples and replicated at least three times. Data are expressed as the mean Ϯ SEM. Asterisks in the figures indicate significant statistical differences between groups as determined by Student's t test or ANOVA followed by the Student-Newman-Keuls post hoc test.
Results
Fibrillar A␤-induced neuronal dystrophy, paxillin Tyr phosphorylation, and translocation to the cytoskeleton During the assembly of FA structures, paxillin is phosphorylated at Tyr residues and translocates to the cytoskeleton, where it acts as a scaffolding protein binding integrin receptors, kinases such as FAK, phosphatases such as PTP-PEST, adapter proteins, and actin-binding proteins Turner, 2000) . This FA complex mediates spatial and temporal interactions that are initiated on integrin receptor activation. The interplay between kinases and phosphatases leads to the initiation of multiple signal transduction cascades that promote local changes in the cytoskeleton, which result in modifications in cell morphology (Aplin et al., 1998; Turner, 2000) . To establish the role of FA proteins in A␤-induced neuronal dystrophy, cortical neurons grown on poly-L-lysine were treated with 20 M fibrillar A␤ for 2 d. Under these treatment conditions, Ͼ80% of the neurons present in the culture remained viable, whereas Ͼ55% of them developed dystrophic morphological features (Grace et al., 2002) , such as abnormal neuritic branches protruding from cell bodies and increased tortuosity of processes, including acute angles and loops ( Fig. 1 A, arrows) . A significant decrease in neuritic caliber also characterized dystrophic neurons ( Fig. 1 A) . Neuritic caliber was measured in control and A␤-treated neurons immediately after the first branch point to overcome the difficulty of measuring accurately the length of highly dystrophic neurites. The results showed average calibers of 1.09 Ϯ 0.05 (SEM) m for control neurons and 0.59 Ϯ 0.04 m for A␤-treated neurons, indicating a significant decrease in neurite caliber in dystrophic neurons ( p Ͻ 0.0001 by Student's t test). Similar dystrophic effects were observed with either A␤1-40 or 25-35 peptides. Cultures treated with vehicle alone, reverse-sequence 35-25, or nonfibrillar A␤1-40 did not show any morphological changes or decreased viability ( Fig. 1 A, control ) (Grace et al., 2002) .
Western blot analysis of whole-cell homogenates revealed a marked increase in Tyr phosphorylation in several protein bands in A␤-treated samples ( Fig. 1 B, arrowheads) . We also detected a clear reduction in the level of phospho-Tyr in at least one band ( Fig. 1 B, arrow) , consistent with the activation of Tyr phosphatases. Western blot analysis of whole-cell homogenates immunoprecipitated with an anti-paxillin antibody revealed a significant increase in paxillin Tyr phosphorylation in A␤-treated cultures (Fig. 1C,D) . This result is consistent with previous reports showing the activation of Tyr kinase activity and increased paxillin Tyr phosphorylation in neuronal cells treated with fibrillar A␤ (Berg et al., 1997; Williamson et al., 2002) . Paxillin translocation to the cytoskeleton was assessed by Western blot of whole-cell homogenates and cytoskeletal preparations. Although there was no difference in the level of total paxillin in whole-cell homogenates of control and A␤-treated samples ( Fig. 1 E) , there was a dramatic increase in the level of paxillin associated with the cytoskeleton after A␤ treatment ( Fig. 1 E,F ) . Neurons grown on laminin, which is an integrin ligand that activates FA assembly, also showed a significant increase in paxillin translocation to the cytoskeleton (Fig. 1 F) . Thus, fibrillar A␤ induces neuronal dystrophy that correlates with increased paxillin Tyr phosphorylation and translocation to the cytoskeleton. . Fibrillar A␤ induces neuronal dystrophy, Tyr phosphorylation, and paxillin activation in cortical neurons. A␤ was added at day 5, and the cultures were processed at day 7 in culture. A, Neurites appear smooth and healthy in control cultures. Fibrillar A␤-induced aberrant neurite morphology, including decreased caliber and acute angles and loops (A␤, arrows). Neurons were immunolabeled with anti-tubulin class III antibody. Scale bar, 10 m. B, Western blot of whole-cell homogenates developed with anti-phospho-Tyr antibody 4G10. Note the increase in phospho-Tyr in several bands after A␤ treatment (arrowheads) and decreased Tyr phosphorylation in a band of ϳ180 kDa (small arrow). Con, Control. C, Homogenates were immunoprecipitated (IP) with anti-paxillin (␣-pax) antibody and immunostained with 4G10. Note the increase in paxillin Tyr phosphorylation in A␤-treated neurons (A␤). Immunoprecipitates with nonimmune (NI ) serum were negative. Con, Control; WB, Western blot. D, Paxillin Tyr phosphorylation was quantified by densitometry in vehicle-treated samples (Con) and normalized as 100%. Note the significant increase (170 Ϯ 30%) induced by fibrillar A␤ (A␤). The membranes were reprobed for paxillin to confirm equal loading. Values are mean Ϯ SEM; n ϭ 4 independent experiments; *p Ͻ 0.05. E, Western blot analysis of whole-cell homogenates and cytoskeletal extracts. The blots were developed with anti-paxillin antibody ( pax). Note the increase in paxillin ( pax) in the cytoskeletal fraction (Cytosk)ofA␤-treated neurons (A␤). Total paxillin levels in whole-cell homogenates did not change. Similar tubulin levels (tub) confirmed equal loading. Con, Control. F, Densitometric quantification of paxillin in the cytoskeleton revealed a 680 Ϯ 200% increase in A␤-treated neurons grown on poly-L-lysine and a 210 Ϯ 30% increase in control (Con) neurons grown on laminin (Lam). n ϭ 9 independent experiments; *p Ͻ 0.05 relative to control by Student's t test.
Fibrillar A␤ induces aberrant FA-like structures in dystrophic neurons
Ligand binding to the integrin receptor initiates a signaling cascade that initiates Tyr phosphorylation and recruits several proteins to the FA site, including paxillin, FAK, vinculin, and ␣-actinin, leading to a local increase in microfilament assembly (Aplin et al., 1998 , Cukierman et al., 2001 . The clustering and colocalization of two or more FA proteins is considered a hallmark for the morphological identification of FA contacts (Katoh et al., 1995; Dogic et al., 1998 , Cukierman et al., 2001 . To determine whether paxillin activation is associated with the formation of FA sites in dystrophic neurons, FA sites were identified as clusters of increased paxillin or integrin immunoreactivity associated with microfilament assembly. Neurons grown on poly-L-lysine substrate exhibited a homogeneous distribution of paxillin and integrin along the neurites, and the presence of microfilaments was mainly observed in the growth cone region (Fig. 2 A -D, arrows) . This result is consistent with the absence of FA contacts in neurons growing on poly-L-lysine. In contrast, neurons grown on laminin, an integrin ligand that activates FA assembly, exhibited clusters of paxillin and integrin immunofluorescence associated with microfilaments that were localized periodically along the neurites, consistent with integrin activation and FA site formation (Fig. 2 E,F, arrows) . Double immunofluorescence with anti-integrin and anti-paxillin antibodies confirmed that both proteins colocalized at FA sites (data not shown). Quantitative image analysis revealed a significant increase in paxillin and integrin immunofluorescence intensity at FA sites compared with adjacent non-FA sites in the neurites (Fig. 2O) . This result is consistent with the formation of FA complexes in cortical neurons grown on laminin. In neurons grown on poly-L-lysine, treatment with fibrillar A␤ induced the appearance of aberrant structures in neurite areas close to A␤ deposits, which were reminiscent of FA sites (Fig. 2G-N, arrows) . Within these sites, there was a significant increase in paxillin and integrin immunofluorescence intensity that was comparable with the increase observed in neurons growing on laminin (Fig.  2O) . In contrast, tubulin immunofluorescence intensity did not change along the neurites, ruling out a nonspecific protein clustering effect at these FA-like structures (data not shown). These results indicate that fibrillar A␤ promoted the clustering of FA proteins. In A␤-induced FA sites, microfilaments extended outwardly in the middle of the neuritic shaft (Fig. 2G,H, arrowheads) , suggesting microfilament assembly at points of contact between A␤ fibrils and neuronal processes. In some instances, fibrillar A␤ appeared to actively induce microfilament extension. For example, in Figure 2 , I and J, a subset of filopodia from a growth cone appeared to reverse their orientation and extend toward the A␤ deposit (Fig. 2 I,J, arrowheads) . Clusters of phosphorylated Tyr fluorescence colocalizing with filopodia and paxillin clusters were also observed in dystrophic neurites (Fig. 2 K-N ) , consistent with increased Tyr phosphorylation at FA-like structures. Thus, fibrillar A␤ promotes activation of FA proteins and the formation of aberrant FA-like structures.
Expression of FA proteins in Alzheimer's brain
We then analyzed the presence of activated FA proteins in association with A␤ deposits in the AD brain. Silver staining of paraffin-embedded sections was used to observe the general features of senile plaques, including the presence of dystrophic neurites surrounding the A␤ core (Fig. 3A) . Double immunofluorescence with antibody PHF-1 and anti-A␤ antibodies showed the presence of hyperphosphorylated tau-positive dystrophic neurites surrounding the amyloid core (Fig. 3B ). Double labeling with anti-integrin receptor ␣5␤1 and anti-A␤ antibodies revealed strong integrin immunoreactivity in senile plaques in close apposition with the core of A␤ (Fig. 3C ). Double labeling with anti-integrin and PHF-1 showed colocalization of integrin and hyperphosphorylated tau in senile plaques in dystrophic neurites and neuronal cell bodies (Fig. 3D, arrows) . Similar results were obtained with an antibody that recognizes specifically integrin ␤1 (data not shown). We also analyzed the presence of activated FA proteins in senile plaques. Paxillin Tyr phosphorylation was analyzed using an antibody that specifically recognizes paxillin phosphorylated at Tyr-31. Phosphorylation at this site is highly inducible on integrin activation and FA formation (Nakamura et al., 2000; Cukierman et al., 2001) . Strong immunoreactivity for phosphorylated paxillin at Tyr-31 was observed in senile plaques in dystrophic neurites and cell bodies surrounding the plaque core (Fig. 3E) . FAK, another major component of FA sites, undergoes autophosphorylation at Tyr-397 on binding to activated integrin receptors (Schaller and Parsons, 1994; Cukierman et al., 2001) . Immunostaining with an antibody that recognizes specifically anti-FAK phosphorylated at Tyr-397 strongly labeled dystrophic neurites in senile plaques (Fig. 3F ) . In nonlesioned AD brain areas and age-matched control sections, very low levels of diffuse integrin and Tyr-phosphorylated paxillin and FAK immunostaining were observed in the neuropil, whereas moderate immunoreactivity was associated with blood vessels (data not shown). To determine the frequency of integrin immunoreactivity in senile plaques, the number of plaques was quantified in adjacent sections after silver staining (Fig. 3G ) and integrin immunofluorescence (Fig 3H ) , respectively. This analysis revealed that a very high percentage of silver-stained plaques was immunoreactive against anti-integrin antibodies (84 Ϯ 6%) (Fig. 3I ) . A similar percentage of plaques stained positive for hyperphosphorylated tau (79 Ϯ 14%) (Fig. 3I ) . Comparable results were obtained using sections from four different AD brains (three sporadic AD cases and one Down's syndrome-AD case). Thus, integrin clustering, activation of paxillin and FAK, and tau hyperphosphorylation are common features of dystrophic neurons surrounding amyloid deposits in the AD brain.
A␤-induced neuronal dystrophy requires paxillin LIM domains and the recruitment of PTP-PEST to the FA complex
To characterize the role of FA signaling in A␤-induced neuronal dystrophy, we investigated the role of paxillin in this process. Paxillin is a scaffolding protein capable of binding to multiple D proteins. It contains four Src homology 2 (SH2)-binding domains, five Leu-rich LD domains, one Pro-rich SH3-binding domain, and four LIM domains (see Fig. 7 ) (Turner and Miller, 1994; Turner, 2000) . We performed deletion experiments using GFP-tagged constructs containing the full-length, C-terminal, and N-terminal domains of paxillin (Fig. 4 A) . All three chimeric proteins showed similar transfection efficiency and expression levels and a subcellular distribution similar to that of endogenous paxillin. After transfection, cortical neurons were treated with fibrillar A␤, and the development of neuronal dystrophy was assessed by fluorescent microscopy. We found a significant reduction in A␤-induced neuronal dystrophy in neurons expressing the N-terminal region of paxillin (N-pax), which lacks the C-terminal region of paxillin (Fig. 4 B) , suggesting that the LIM domains of paxillin may be involved in A␤-induced neuronal dystrophy. In contrast, no reduction in neuronal dystrophy was observed in neurons transfected with full-length paxillin (Fig. 4 B,  FL-pax) or the C-terminal domain of paxillin (Fig. 4 B, LIM-pax) compared with GFP-transfected cells. All three GFP-paxillin proteins retained the ability to translocate to the cytoskeleton (data not shown) and to cluster in FA-like structures after A␤ treatment ( Fig. 4C-E) (Thomas et al., 1999) . Thus, the decrease in neuronal dystrophy observed in N-pax-expressing neurons was not attributable to a reduced capacity of N-pax to assemble in FA contacts (Fig. 4 D) .
The above results indicate that A␤-induced neuronal dystrophy requires the presence of paxillin LIM domains (Fig. 4 A) . Paxillin contains four LIM domains, each capable of protein Figure 3 . Expression of FA proteins in Alzheimer's brain. Paraffin-embedded brain sections of AD and age-matched control specimens were silver-stained or immunolabeled. A, In AD brains, silver staining revealed dystrophic neurites (black) in senile plaques, surrounding the core of A␤ ( pale yellow). B, Immunofluorescence shows the A␤ core of the plaque ( green) surrounded by dystrophic neurites immunostained with antibody PHF-1, which recognizes hyperphosphorylated tau (blue). C, Integrin receptor immunoreactivity in a senile plaque ( green) surrounding the A␤ core (blue). D, Hyperphosphorylated tau (blue) and integrin receptors ( green) colocalize in dystrophic neurites and cell bodies in a senile plaque (arrows). E, Phosphorylated paxillin ( pax-P, green) in dystrophic neurites and cell bodies in a senile plaque. The plaque core is stained with anti-A␤ antibody (A␤, blue). F, Dystrophic neurites in a senile plaque immunostained with anti-phosphorylated FAK antibody (FAK-P, green) surrounding the A␤ core (blue). Adjacent brain sections silver-stained ( G) and immunostained with antiintegrin antibody (int, H ) show similar plaque density. Arrows denote individual plaques. I, Quantification of integrin-and hyperphosphorylated tau-positive plaques shows that 84 Ϯ 6% of silver-stained plaques were positive for integrin immunoreactivity, and 79 Ϯ 14% were positive for hyperphosphorylated tau. Ten to 20 microscopic fields were analyzed in adjacent sections of four AD brain cases. At least 50 plaques were scored per silver-stained section. Scale bars: A-F, 50 m; G, H, 250 m.
binding through two zinc finger-like structures (Turner and Miller, 1994; Dawid et al., 1998) . ␤1-Integrin binding is associated with a region of paxillin spanning LIM3, and PTP-PEST binds to paxillin in a region spanning LIM4 and part of LIM3 (Brown et al., 1996; Cote et al., 1999) . ␤1-Integrin binding may be important for paxillin localization to FA sites , whereas PTP-PEST is a phosphatase involved in the dynamic regulation of FA contacts (Angers-Loustau et al., 1999) . To evaluate the functional role of integrin and PTP-PEST interaction with paxillin in A␤-induced neuronal dystrophy, we used paxillin constructs containing Cys-to-Ala mutations at positions 467 and 470 in LIM3 and 523 in LIM4, which prevent the binding of the zinc molecule required for the formation of the finger-like structures (Fig. 5A) (Dawid et al., 1998; Jurata and Gill, 1998) . Cortical neurons were transfected with the indicated constructs, incubated with fibrillar A␤, and analyzed for the development of neuronal dystrophy. The number of dystrophic neurons expressing paxillin point mutation C467A, which prevents its association with integrin and PTP-PEST, was similar to the number of dystrophic neurons in control GFP-transfected neurons (Fig. 5B ). Neurons transfected with constructs C470A and C467/470A, which suppress the ability of paxillin to either bind to PTP-PEST or associate with integrin, showed a clear reduction in A␤-induced neuronal dystrophy that was statistically significant in the case of C467/470A compared with GFP-transfected neurons (Fig. 5B) . Neurons expressing paxillin C523A, which abrogates the ability of paxillin to bind to PTP-PEST, also significantly reduced A␤-induced dystrophy. Similarly, neurons expressing a PTP-PEST construct bearing a deletion in the Pro2 domain comprising residues 367-400 (PESTdl), which prevents its binding to paxillin , showed a complete inhibition of neuronal dystrophy (Fig. 5B) . These results indicate that PTP-PEST binding to paxillin is a necessary step in the pathway mediating A␤-induced neuronal dystrophy.
Previous work has demonstrated that fibrillar A␤ activates FAK in neuronal cells (Zhang et al., 1994 (Zhang et al., , 1996 Williamson et al., 2002) . To assess the involvement of FAK in A␤-induced neuronal dystrophy, we used FRNK, a dominant negative form of FAK (Schaller et al., 1993; Zheng et al., 1999) . FRNK contains the FA-targeting sequence of FAK and binds to paxillin but lacks the kinase domain (Fig. 5A ). Cultures transfected with FRNK and treated with A␤ showed an increase in the number of dystrophic neurons similar to that in GFP-transfected cultures (Fig. 5B) , indicating that the kinase activity of FAK is not required for A␤-induced neuronal dystrophy.
FA proteins are involved in A␤-induced neuronal death
Recent results suggest that A␤-induced neuronal dystrophy and cell death are mediated by distinct molecular pathways (Grace et al., 2002) . To evaluate the role of FA proteins in A␤-induced neuronal death, neuronal viability was determined in cultures transfected with FL-pax, N-pax, PESTdl, and FRNK expression vectors and treated with fibrillar A␤. Neurons expressing FL-pax showed a significant increase in cell death after A␤ treatment (Fig. 6 B) . In contrast, neurons expressing FRNK became dystro- . PTP-PEST binding to paxillin is required for A␤-induced neuronal dystrophy. A, A␤-induced neuronal dystrophy was assessed in neurons transfected with paxillin constructs bearing Cys-to-Ala point mutations, which disrupt the LIM domain tertiary structure, with FRNK, an FAK dominant negative construct, or with PESTdl, a PTP-PEST deletion construct. B, Mutations C470A, C467/470A, and C523A in paxillin, which prevent PTP-PEST binding and integrin association, significantly reduce A␤-induced neuronal dystrophy (C470A, 62.6 Ϯ 1.3%; C467/C470A, 21.2 Ϯ 4.4%; C523A, 39.9 Ϯ 18.5%). The mutation C467A, which also prevents PTP-PEST binding and integrin association, has no effect on A␤-induced neuronal dystrophy (112.2 Ϯ 36.1). Expression of PESTdl, which prevents PTP-PEST binding to paxillin, completely prevents neuronal dystrophy. Expression of FRNK, which contains the FAK focal adhesion targeting domain but lacks the kinase domain, has no effect on A␤-induced neuronal dystrophy. The number of dystrophic neurons was quantified 24 hr after transfection and expressed as a percentage of the number of A␤-induced dystrophic neurons expressing GFP (100%). Values are mean Ϯ SEM; n ϭ 3-7 individual experiments; 250 neurons were scored per condition in each experiment; *p Ͻ 0.05; **p Ͻ 0.01 relative to control (GFP) by ANOVA followed by the Student-Newman-Keuls post hoc test. phic but remained viable (Fig. 6 A,B) . Interestingly, neurons expressing N-pax, which lacks paxillin LIM domains, exhibited significantly reduced neuronal dystrophy (Fig. 4 B) and cell death (Fig. 6 B) , indicating that paxillin LIM domains participate in both A␤-induced neuronal dystrophy and cell death. Similarly, expression of PESTdl also reduced neuronal dystrophy and cell death (Fig. 6 B) . Thus, although FAK activity is not involved in neuronal dystrophy, it is involved in cell death, as is PTP-PEST, further suggesting that separate molecular pathways mediate A␤-induced neuronal dystrophy and death.
Discussion
These experiments indicate that A␤-induced neuronal dystrophy is mediated by the aberrant activation of FA proteins. FA sites are integrin-based structures that mediate cell-substrate adhesion and the bidirectional exchange of information between extracellular molecules and the cytoplasm. Fibrillar A␤ treatment induced integrin receptor clustering, paxillin Tyr phosphorylation, and translocation to the cytoskeleton and promoted the formation of aberrant FA-like structures, suggesting the activation of focal adhesion signaling cascades (Figs. 1, 2) . The presence of several antioxidants in the B27 supplement used to prepare our culture medium (see Materials and Methods) and use of calciumdeficient medium did not prevent the development of dystrophy (A. Deshpande, G. Pigino, and J. Busciglio, unpublished observations), suggesting that oxidative stress and intracellular calcium influx do not mediate A␤-induced neuronal dystrophy. Previous studies indicate that A␤ peptides bind to integrin receptors (Sabo et al., 1995) and that integrins are expressed in the AD brain (Akiyama et al., 1991; Frohman et al., 1991; Eikelenboom et al., 1994; Van Gool et al., 1994) , suggesting that A␤-induced neuronal dystrophy may be mediated by integrin signaling. We observed high expression of integrin receptors in senile plaques. Interestingly, integrin ␤1, which is the subunit that directly binds to and recruits paxillin to the FA complex (Fig. 7) Chen et al., 2000) , was enriched in dystrophic neurites and cell bodies surrounding amyloid cores. Most importantly, we detected increased levels of Tyr-phosphorylated, activated paxillin and FAK in dystrophic neurites around plaque cores, consistent with the activation of FA signaling cascades in neuronal processes in contact with fibrillar A␤. Quantitative analysis shows that most senile plaques exhibited strong integrin immunoreactivity, indicating that FA protein activation may be a common feature in the AD brain (Fig. 3) .
Deletion experiments indicate that the LIM domains in the C terminus of paxillin mediate A␤-induced neuronal dystrophy. Paxillin LIM domains are associated with its binding to ␤1-integrin (Fig. 7) , suggesting that the absence of LIM domains could reduce A␤-induced neuronal dystrophy by preventing Model of the FA pathways involved in A␤-induced neuronal dystrophy. Fibrillar A␤ binds to and induces the clustering of the integrin receptors, leading to the activation of paxillin and FAK and their translocation to the nascent FA complex. Paxillin binds to vinculin, which promotes microfilament stabilization at the FA site. PTP-PEST binds to paxillin, leading to dephosphorylation of several FA proteins, which prevents the stabilization of the FA contact, allowing the neuron to continuously respond to fibrillar A␤ stimuli. Alternatively, APP binds to A␤ fibrils, bringing them in contact with integrins, activating FA signaling through FE65, which binds to the C terminus of APP and associates with c-abl, which in turn binds and phosphorylates paxillin, or both. A pathway involving fyn, which is downstream of PTP-PEST, promotes GSK3␤ activity, whereas the interaction of cbl with c-abl increases CDK5 activity (Zukerberg et al., 2000) . Both CDK5 and GSK3␤ hyperphosphorylate tau, leading to microtubular destabilization and neuronal dystrophy. An alternative pathway involving FAK activity leads to neuronal cell death but not neuronal dystrophy. Paxillin contains four SH2-binding domains (red), five Leurich LD domains (light blue), one Pro-rich SH3-binding domain ( green) and four LIM domains ( purple). MF, microfilaments; hyperphosp., hyperphosphorylated; P, phosphate groups.
paxillin recruitment to the FA site. Interestingly, although the deletion of the LIM domains suppressed A␤-induced dystrophy, it did not prevent the recruitment of paxillin to FA sites, which may still occur via its N-terminal association with FAK . Therefore, the inhibition of neuronal dystrophy was not produced by the inability of N-pax to bind to the FA complex (Fig. 4) . Point mutations in paxillin LIM domains that prevent the binding of PTP-PEST significantly reduced A␤-induced neuronal dystrophy, and a similar reduction was observed in neurons expressing PESTdl, which abrogates PTP-PEST binding to paxillin. Thus, the recruitment of PTP-PEST to the FA complex seems to be a critical step for the development of A␤-induced neuronal dystrophy. PTP-PEST is required for the turnover of FA contacts (Angers-Loustau et al., 1999) , suggesting that, in the absence of PTP-PEST, FA contacts may become stabilized, preventing further response to extracellular stimuli. In this regard, fibroblasts from PTP-PEST null mice show decreased motility and increased FA size (Angers-Loustau et al., 1999) , similar to the large FA-like structures formed in A␤-treated neurons expressing N-pax, which suppressed PTP-PEST binding and neuronal dystrophy (Fig. 4 D) . Current experiments are directed to characterize the substrates of PTP-PEST involved in the development of neuronal dystrophy. FRNK, a dominant negative form of FAK, did not alter A␤-induced neuronal dystrophy, suggesting that although FAK is activated by fibrillar A␤ (Zhang et al., 1994 (Zhang et al., , 1996 Williamson et al., 2002) , it is not involved in the dystrophic response. A␤-induced neuronal dystrophy and cell death occur over different A␤ concentrations and time courses, suggesting distinct signaling pathways (Grace et al., 2002) . We observed Tyr phosphorylation and dephosphorylation of several proteins in response to A␤, consistent with the activation of multiple signaling pathways (Fig. 1 B) . Deletion experiments indicate that FAK and PTP-PEST activity are both involved in fibrillar A␤-induced cell death, further suggesting that more than one pathway mediate A␤-induced cell death (Fig. 7) . Alternatively, because neurons expressing a dominant negative form of FAK became dystrophic but remained viable, dystrophy may lead to cell death over a significantly longer time course.
Recent results indicate that the RHDS sequence in A␤, similar to the integrin ligand sequence RGDS, is not necessary for A␤-induced neuronal dystrophy and cell death, but that the transition of A␤ to a fibrillar form is essential (Grace et al., 2002) . Fibrillar A␤ has been shown to bind to cell surface amyloid precursor protein (Lorenzo et al., 2000) , which colocalizes with integrins in neurons (Storey et al., 1996; Yamazaki et al., 1997) and participates in FA signaling (Sabo et al., 2001) . We have found that APP is enriched in aberrant FA-like structures induced by A␤ (E. Grace, R. Lin, L. Heredia, A. Lorenzo, and J. Busciglio, unpublished results). APP may bring A␤ fibrils into physical contact with integrin receptors and may also activate paxillin through the adapter protein FE65 (Sabo et al., 2001) , which is associated with c-abl, a nonreceptor Tyr kinase that phosphorylates paxillin (Salgia et al., 1995; Sabo et al., 2001) (Fig. 7) . Interestingly, FE65 immunoreactivity colocalizes with neurofibrillary tangles (Delatour et al., 2001) , and a polymorphism in the FE65 gene that reduces its binding to APP appears to confer resistance to lateonset AD (Hu et al., 1998; Lambert et al., 2000; Hu et al., 2002) . Ongoing experiments are directed to establish the role of APP in the transduction of fibrillar A␤-induced neuronal dystrophy.
Fibrillar A␤ induces aberrant morphological changes and tau hyperphosphorylation in primary neurons in culture and in vivo (Busciglio et al., 1992; Pike et al., 1992; Geula et al., 1998) , resembling dystrophic neurites in the AD brain. We found that FA proteins frequently colocalized with hyperphosphorylated tau in dystrophic neurites surrounding A␤ deposits in the AD brain (Fig. 3 ) and in culture (data not shown), suggesting that FA signaling induced by fibrillar A␤ may lead to deregulation of kinase and phosphatase activities responsible for tau hyperphosphorylation. In this regard, neurons transfected with N-pax, the paxillin construct lacking the LIM domains that significantly reduced A␤-induced dystrophy, did not exhibit increased tau phosphorylation after A␤ treatment, further supporting the involvement of FA signaling in tau hyperphosphorylation (E. Grace and J. Busciglio, unpublished results) . FA signaling leads to the activation of cyclin-dependent kinase 5 (CDK5) and glycogen synthase kinase 3␤ (GSK3␤) (Fig. 7) (Bhat et al., 2000; Li et al., 2000) , two kinases that phosphorylate tau at epitopes phosphorylated in neurofibrillary tangles (Mandelkow et al., 1992; Baumann et al., 1993; Flaherty et al., 2000) , which have been implicated in neurofibrillary pathology (Yamaguchi et al., 1996; Pei et al., 1998; Flaherty et al., 2000) . It is noteworthy that phosphorylation of tau by cdk5 may potentiate the phosphorylation of tau by GSK3␤ (Sengupta et al., 1997) , suggesting a synergistic effect between these two kinases activated by the FA signaling cascade.
In summary, the aberrant activation of FA pathways appears to be critically involved in fibrillar A␤-induced neuronal dystrophy. Neuronal dystrophy is associated with synaptic loss in culture (Grace et al., 2002) and in the AD brain (Masliah et al., 1991) , and similarly to A␤ deposition, is a unique pathological feature of AD (Benzing et al., 1993) . The ability of the neuron to respond dynamically to extracellular cues is reminiscent of plasticity mechanisms. In this regard, maladaptive neuronal plasticity may play a major role in AD (Cotman et al., 1998; Mesulam, 1999) . Fibrillar A␤ has been shown to induce apoptotic cascades in neurites and synapses (Mattson and Duan, 1999) . Thus, aberrant focal adhesion activation by A␤ may lead to the initiation of localized apoptotic cascades normally involved in adaptive plasticity in both neurites and synapses (Mattson and Duan, 1999) . The alterations in the composition of the extracellular environment in the AD brain may stimulate aberrant cellular responses consistent with the dynamic regulation of FA contacts by PTP-PEST activity, which is required for A␤-induced neuronal dystrophy. Brain regions with the highest plasticity are the most vulnerable in AD (Small, 1998) , suggesting that, under pathological conditions such as presenilin mutations (Pigino et al., 2001) or A␤ deposition, neuronal plasticity may result in neuronal dysfunction. As such, the characterization of the molecular pathway(s) by which fibrillar A␤ induces neuronal dystrophy may lead to therapies directed to block maladaptive plasticity to preserve neuronal function and synaptic integrity.
